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Microwave bonding of poly(methylmethacrylate) microfluidic devices using a conductive polymer RJ Microfluidic devices have attracted a great deal of attention in recent years with applications spanning the agri-food, biomedical and industrial sectors and encompassing both diagnostics and microreactor platforms [1, 2, 3] . The complexity of the devices can vary greatly and range from intricate nano architectures and microelectromechanical (MEMS) devices to more modest adhoc constructions -vital for rapid prototyping and proof of concept studies [4] . Irrespective of the methods employed, the sealing of the microfluidic path is a non-trivial task, and whilst many methods have been investigated to achieve the latter, few have found mainstream implementation. Since the ability to bond similar materials and thus provide a uniform wettable surface at all boundaries is essential in a large number of microfluidic applications, a low-cost technique that is able to facilitate the development of such a device would clearly be a significant asset to the toolbox of the microfluidics scientist. The present communication has sought to investigate the applicability of one such approach and assess its viability for bonding polymethylmethacrylate (PMMA) such that a closed channel architecture can be easily produced which is readily accessible without the need for expensive instrumentation.
There are a multitude of methods to generate microfluidic features in a range of materials, from silicon and glass to plastics and silicone elastomers -each has distinct advantages and disadvantages depending on the final application [5] . However, the methods available to bond these devices to a substrate, thereby sealing the system are limited to the use of adhesives, solvents and heat / pressure. One of the biggest problems with any sealing technique is the blockage of fine microchannels during the bonding procedures [6] . The work presented in this article is intended to overcome a significant problem when dealing with PMMA, namely that it is difficult to bond to itself unless heated above the glass transition point (Tg) of 105°C [7, 8] , and subjected to considerable pressure. For a significant number of microfludics systems, a uniform surface chemistry in all dimensions is essential as changes in the wettable nature of the materials affects flow profiles [9] .
Numerous methods have been proposed to overcome this issue and have included the use of ultrasonics [10, 11] , solvent / adhesive bonding [12] [13] [14] , thermal bonding [15, 16] and electrostatics [17] . There are few methods that offer a low cost rapid and simple technique to the co-bonding of PMMA microdevices. Microwave radiation has been previously proposed [15 -19] as a potential solution, however due to the transparent nature of PMMA (99.5%) to radiation in the 2.45GHz region, it is essential to introduce an absorbing layer that can induce the two surfaces to bond. Various systems have been proposed and these have been extensively reviewed [18] , with Polyaniline extensively studied as a conductive polymer for use in bonding plastics, due in no small part to its high dielectric constant (~100,000) and the fact that it is commercially available and easily prepared into nano powder dispersions.
The central rationale for this work is that a thin layer of polyanline delivered simply through capillary action between the two surfaces would create a microlayer that would absorb the microwave radiation -increasing the interfacial temperature at end plate and thus induce bonding without unduly disrupting the microchannels that are etched into the core of the plates. The PMMA device, mounted in the bonding frame was placed in the microwave oven and exposed to microwave radiation at 2.45 GHz and exposed in increments of 30 seconds until bonding was judged (using the change in refractive index at the bonging sites as an indicator). The full power (900W) setting was used throughout the experimental procedure, and lower power settings were not attempted in this study. The device was then removed from the oven, allowed to cool and tested with an amaranth solution (0.05% w/v) with photographs of the devices taken to illustrate the channel integrity. The capillaries were subsequently inspected by light microscopy to assess the transfer of the dye into microcrevices arising from the incomplete bonding of the plates.
Experimental Details

Materials and General
Results and Discussion
Experiments were conducted using a range of channel widths and depths, as shown below to obtain a more accurate picture of the bonding characteristics for different microchannel structures. Each PMMA device comprised 10 channels, with two duplicates of each device prepared and tested with bonding successfully obtained for every channel combination and are summarized in Table 2 . The results of the bonding process associated with two PMMA sheets and subsequent dye penetration is highlighted in figure 2 . Additionally, planar PMMA devices without microchannel features were bonded and subjected to tensile testing using an Engstrom Zwick testing station (Engstrom, US).
Part
PMMA devices were clamped in the vice-claw and subjected to breaking loads in excess of 1.0 kN, with displacement distance (Mean: 0.85mm; RSD = 11.6%; N = 6) and breaking force recorded (Mean: 1.175 kN; %RSD = 12.3%; N = 6). It should be noted that in all cases the un-bonded PMMA region broke before the bonded area.
A second series of microfluidic channel plates were prepared in PMMA demonstrating a range of channel dimensions, flow profiles and features. These were bonded using the same procedure as above, and photographs of the channels filled with polyaniline were obtained to illustrate the channel integrity. Figure 3 and figure 4 comprise of CAD illustrations of the microchannel structure and the corresponding photograph of the bonded device, illustrating the successful bonding of devices with 300-micron feature sizes ( Figure   3 ) and 50-micron feature sizes ( Figure 4 )
The method produced a uniform bond, easily observed by the change in refractive index across the device indicating that localized melting had occurred across the entire device interface. This can be attributed to the fine nano-particulate suspension of the conductive polymer across the plates that serve as antennae for the microwave radiation. Whilst the entire device warms during the process, the energy delivered during the bonding process is insufficient to produce bulk melting (~160°C for PMMA) but is sufficient to result in a localized melt zone at the interface that creates a tight, solvent impermeable bond. The duration of microwave exposure was arrived at through iterative optimization starting at a 30 second exposure with the 3 minutes established as providing a coherent seal.
The micro-channel integrity was found to be maintained, with small feature sizes creating no problems in terms of fluidic movement -confirmed by optical microscopy and DekTak profiling of the channel before and after irradiation (not shown). It should be noted that the method described results in the presence of polyaniline particles within the channel as well as at the bonding interface. This could affect surface chemistries inside the device however given the localized heating at the particles and the low concentrations of polyaniline required to effect bonding, the magnitude of any effect should be minimized.
It is a rapid technique which is eminently suitable for prototyping but could equally find use in the mass-production of microfluidic devices manufactured from PMMA, using a plastic roller system rather than a discrete clamping mechanisms -thus giving rise to a truly low cost, disposable and yet intricate microfluidic device.
Conclusions
The use of PMMA is widespread and one of the most common materials for microfluidic prototyping. This work has demonstrated a low cost, rapid and easily implemented bonding system to achieve PMMA to PMMA bonding using a conventional microwave oven. The system was found to provide a coherent seal free from micro-crevice defects that can plague other systems with an absorber that does not unduly impact on the nature of the integral microfluidic channel. 
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